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The eversion, migration, spreading, and fusion of the thoracic imaginal discs during metamorphosis of Drosophila are
escribed using timed whole-mount preparations and several molecular markers. The leading edge of the migrating disc
pithelia consists of two groups of cells, stalk cells (S cells) and specialized imaginal cells (I cells), that both express the gene
uckered. With this and other markers, opening of the stalk, eversion of the discs, migration of the leading edges, and fusion
f the imaginal epithelia can be visualized in detail. Fusion is initiated by S cells that migrate over the larval epithelium and
onstitute a bridge between two imaginal epithelia. S cells are subsequently lost and imaginal fusion is mediated by the I
ells that remain at the site of fusion. The possible cellular basis of this process is discussed. Fusion along the dorsal midline
f the notum from the mesothoracic wing discs occurs earlier than that of the prothoracic and metathoracic discs, which
emain in a lateral position. For a relatively long period (30 h) the mesothoracic epithelium becomes attached to the head
nd abdomen, causing a temporary local discontinuity of the order of segments. Later the pro- and metathoracic discs
ntercalate between head and mesothorax and between abdomen and mesothorax, respectively, to reestablish the normal
rder. © 2000 Academic Press
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1INTRODUCTION
One of the most dramatic and spectacular changes of the
body structure of holometabolous insects occurs during
metamorphosis when the larva is transformed into an
imago. This process is triggered and controlled by a class of
steroid hormones known as ecdysteriods (see review by
Riddiford, 1993). During metamorphosis in Drosophila, the
larval epithelium is histolysed and entirely replaced by the
imaginal epithelium originating from the imaginal discs
(head, thorax, and genitalia) and histoblast nests (abdomen),
structures that were set aside during embryogenesis (see
review by Fristrom and Fristrom, 1993; Figs. 1A and 1B).
The imaginal discs are invaginated sac-like structures sus-
pended in the body cavity by a stalk through which they are
1 To whom correspondence should be addressed at Institut de
Ge´ne´tique et de Biologie Mole´culaire et Cellulaire (IGBMC), BP
163, Parc d’Innovation, 1, Rue Laurent Fries, 67404 Illkirch Cedex,
C.U. de Strasbourg, France. Fax: 33.(0)3.88.65.32.01. E-mail:hpsimpson@igbmc.u-strasbg.fr.
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All rights of reproduction in any form reserved.oined to the larval hypodermis (Fig. 1C). Cells of the discs
roliferate during larval life. They are composed of the disc
pithelium itself, which is folded and consists of columnar
ells; the peripodial membrane, which consists of squa-
ous cells that are thought to contribute to adult struc-
ures (Milner et al., 1984a); and the proximal stalk consist-
ng of stalk cells (Fig. 1C). The gene puckered (Ring and
artinez-Arias, 1993) has been shown to be expressed in
talk cells (Zeitlinger and Bohman, 1999; Agne`s et al., 1999;
ig. 1D). Finally, precursors of adult muscles, in the form of
depithelial cells, are associated with the disc epithelium
see review by Bate, 1993).
The adult abdomen of Drosophila is formed from histo-
last nests that are located in the same plane as the larval
pithelium; they proliferate and spread out gradually replac-
ng the larval cells during early pupal development. This
rocess is rather simple, occurs in a two-dimensional plane,
nd has been well documented (Madhavan and Madhavan,
980). In contrast, evagination, migration, and fusion of
ead and thoracic discs to form a continuous adult epithe-
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14 Usui and Simpsonlium replacing that of the larva constitute a complex and
dynamic process. It takes place in three dimensions and
FIG. 1. Structure of the imaginal discs of Drosophila and their
erivatives in the adult thorax. Lateral (A) view of an adult thorax.
oundaries between the imaginal disc derivatives are drawn in the
ame color in (B). Two pairs of thoracic discs are found in each larval
horacic segment, T1–T3, that will make three ventral pairs of legs
nd three sets of dorsal derivatives, humerus, mesonotum with wing
lade, and metathorax notum with haltere. Cross section of a wing
isc (C) shows it to be invaginated and suspended from the larval
pithelium by a stalk. The disc consists of three cell types, muscle
recursor cells (shown in black), peripodial cells, which are large and
orm the peripodial membrane (purple), and cells of the disc epithe-
ium proper, which are much smaller than peripodial cells (green). In
he proximalmost part of the disc at the location of the stalk, there is
group of cells labeled with anti--gal antibody in puc-lacZ (pucE69/)
flies (D). (B) and (C) are adapted from Bryant and Levinson (1985) and
Lawrence (1992) (reproduced by permission of the publisher).involves interactions between the discs themselves and
Copyright © 2000 by Academic Press. All rightetween the larval and the imaginal epithelia. Earlier stud-
es of the behavior of the discs at metamorphosis were
onstrained by the extreme fragility of the tissues during
his process and by the lack of transparency of the pupal
ase. They have been restricted to observations using either
n in vitro culture system or sectioned materials (Condic et
l., 1991; Milner et al., 1984a,b; Poodry and Schneiderman,
970; for review see Fristrom and Fristrom, 1993). Thus, a
hree-dimensional image of the entire process is lacking.
Here we describe the eversion, migration, spreading, and
usion of the discs using timed whole-mount preparations
nd several molecular markers, puckered (Ring and
Martinez-Arias, 1993), -spectrin (Dubreuil et al., 1987;
artinez-Arias, 1993), Fasciclin III (Patel et al., 1987), and
ngrailed (Hama et al., 1990). We have concentrated on the
horax, which develops from derivatives of three pairs of
orsal discs giving rise to the humerus, wing, and haltere,
nd three pairs of ventral discs giving rise to the first,
econd, and third legs. We have confirmed observations of
arlier, pioneer workers and have added further details to
his process. We find that the leading edge of the migrating
isc epithelia consists of two groups of cells, stalk cells (S
ells) and imaginal cells (I cells), that are both puckered-
ositive. These and other markers enabled us to describe, in
etail, opening of the stalk, eversion of the discs, migration
f the leading edges, and fusion of the imaginal epithelia.
usion is mediated first by the S cells, which constitute a
ridge between two epithelia and are subsequently lost, and
econd by the I cells, which remain at the site of fusion. The
ossible cellular basis of this process is discussed. We were
lso able to follow the fate of the larval cells during this
eriod. Fusion along the dorsal midline of the notum from
he mesothoracic wing discs occurs earlier than that of the
rothoracic and metathoracic discs, which remain in a
ateral position. For a relatively long period (30 h) the
esothoracic epithelium becomes attached to the head and
bdomen causing a temporary local discontinuity of the
rder of segments. Later the pro- and metathoracic discs
ntercalate between head and mesothorax and between
bdomen and mesothorax, respectively, to reestablish the
ormal order.
MATERIALS AND METHODS
Fly Stocks
Enhancer trap lines used were puckeredE69 (puc-lacZ), en-
railedXho25 (en-lacZ), and decapentaplegic10638 (dpp-lacZ). Gal4
ines and UAS lines used were pnrMD237-Gal4 (Calleja et al., 1996;
Heitzler et al., 1996), ushMD751-Gal4 (Calleja, unpublished results),
and UAS-nuc-lacZ (Brand and Perrimon, 1993). Mutant stocks used
were dpphr4/dpphr56 (reared at 18°C; Chanut and Heberlein, 1997)
and ushRev4/ushRev18 (Cubadda et al., 1997).
Immunostaining
Whole-mount preparations. Anterior and posterior tips of pre-
pupae were cut off to release internal hydrostatic pressure and then
s of reproduction in any form reserved.
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16 Usui and Simpsonthe posterior half was cut off in PBS. Prepupae were then fixed in
4% formaldehyde/PBS for 20 min. After the removal of the pupal
case, standard protocols were employed for immunostaining. For
pupae, first the pupal case was removed, then the posterior tip of
the pupa was cut off. Pupae were then cut along the ventral midline
and the inner organs were removed by blowing jets of liquid with a
pipette. After staining and dehydration, prepupae and pupae were
either further dissected to make flat preparations and mounted in
Euparal or simply mounted in Euparal between slide and coverslip
using paper staples to prevent compression and to maintain the
three-dimensional structure.
Primary antibodies used in this study were mouse monoclonal
anti-FasIII (7G10; Patel et al., 1987), anti--Spec (3A9; Dubreuil et
l., 1987), anti--gal (40-1a), and rabbit anti--gal (Cappel) antibod-
es. Secondary antibodies used were anti-mouse/HRP (Jackson),
nti-mouse/AP, anti-rabbit/AP (Jackson), and anti-mouse/biotin
VectaLab) followed by avidin–biotin–HRP complex (VectaLab). All
f the antibodies were used at the dilution of 1:200.
Semithin sections. puc-lacZ pupae were first stained and after
ehydration and treatment with propylene oxide (PO), pupae were
ncubated in a mixture of PO/Epon resin at room temperature
vernight. They were then embedded in Epon resin at 60°C for
8 h. Semithin sections (2–2.5 m thick) were made with a C.
Reichert machine, Model OmU2, and stained with toluidine blue.
After treatment with LMR, sections were mounted in Eukit.
Panfocal Images
To obtain panfocal images, several photographs per image were
processed with PhotoShop (Adobe) software.
RESULTS
We describe the normal events of morphogenesis during
metamorphosis of the thorax, concentrating mainly on the
dorsal thoracic disc fusions with only a limited description
of the behavior of ventral thoracic discs. Our observations
are drawn from whole-mount preparations labeled with
anti-FasIII and anti-Spec antibodies and an enhancer trap
line, puckered (puc)-lacZ, which have enabled us to visu-
alize the rearrangements in three dimensions. Pupae were
synchronized as far as possible, but, for some rapidly
occurring developmental stages, time windows alone are
indicated.
Prepupal Development and Immunostaining
The prepupal period lasts from the white prepupa, when
the body of the immobile larva is shortened, the spiracles
are everted, and the protective pupal case is formed by
transformation of the larval cuticle, to tanning of the pupal
case, apolysis of the larval epidermis, and secretion of the
thin, transparent pupal cuticle (Ashburner, 1989). Staging
was from white prepupae at 0 h after puparium formation
(APF). During the first 2–3 h APF, the larval epithelium is
still firmly attached to the pupal case, but subsequently it
detaches and the imaginal discs evert into a space between
the pupal case and the larval epithelium (Fristrom and
Fristrom, 1993). From this point on, until secretion of the
Copyright © 2000 by Academic Press. All rightupal cuticle (at about 6–7 h APF), both larval and imaginal
pithelia are separated from the cuticle, so antibodies can
enetrate the apical cell surface. The anterior tip and
osterior half of the puparium were cut off to help penetra-
ion of the fixative and then the pupal case was removed to
xpose the epithelia to the antibodies. Once the pupal
uticle is deposited, however, it becomes necessary to open
he pupal body in order to fix and stain the epithelium
hrough the basal cell surface.
Morphology of Stalk Cells and Opening of the
Stalks (about 2 h APF)
The earliest stage at which the prepupa could be removed
intact from the pupal case was just after detachment of the
larval epithelium from the pupal case, 2–3 h APF. At this
stage, the cell membranes of both the larval and the
imaginal epidermis are clearly outlined in flat preparations
labeled with anti-FasIII or anti-Spec antibodies. The dorsal
larval cells, and the ventral larval cells situated in the
anterior half of the larva, are round in shape. In contrast
ventral larval cells in the posterior half of the larva are long
and thin (Fig. 2A).
Staining with puc-lacZ reveals groups of cells that are
clearly distinct from the larval epithelium (Fig. 2A). From
their position, and the fact that puc-lacZ-positive cells are
found in the stalks of all the thoracic discs in the larva, we
deduce that these are cells of the partially everted stalks
(Figs. 1C and 1D) (Zeitlinger and Bohman, 1999; Agne`s et
al., 1999). We have called them S cells in this study (puc
expression is also found in the proximalmost cells of the
imaginal epithelium proper, the I cells, see below). S cells
display different properties from both larval and imaginal
epithelial cells, in that they react much less intensively to
immunostaining with anti-FasIII and anti-Spec antibodies
(Figs. 2B and 3B).
Although the S cells have moved from inside to outside
the larval epithelium, the stalks themselves have not yet
opened, since the mouths of the stalks appear to be “shut”
and the stalk lumen is not visible (Figs. 2A, 2B, and 2C). The
stalk cells of the wing and haltere discs form two lateral
dorsoventral stripes, but those of the three leg discs line up
with one another to form a single, curved lateral line (Figs.
2A and 2C). Interestingly, this line is formed along a
boundary between two different groups of larval cells that
are distinguishable by the different shapes of their cells
(Figs. 2A and 2B). Technical difficulties precluded an exami-
nation of these cells at earlier stages so we do not know if
they are already distinct in the third-instar larva.
Eversion of the Discs (about 3.5 h APF)
The mechanism of eversion has already been described in
some detail (see review by Fristrom and Fristrom, 1993). It
involves a change in shape of the cells of the peripodial
membrane from squamous to columnar and a reciprocal
change of the imaginal cells from columnar to squamous.
s of reproduction in any form reserved.
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17Fusion of Thoracic Discs during Drosophila MetamorphosisIncubation of isolated leg discs with 20 hydroxyecdysone
has shown that this eversion can occur without the help of
the larval epithelium (Milner et al., 1984a). We restrict our
escription to one example, that of the wing disc. Wing
iscs are located dorsally with the proximal end situated
nteriorly and the anterior part oriented laterally at 0 h (Fig.
G). The first sign of disc eversion is the opening of the
talk lumen through which the disc proper will evert (Figs.
A, 3B, and 3C). The stalk openings are clearly visible as
ings of puc-lacZ-positive cells (Figs. 2C and 3C). S cells
igrate outward as the stalk opens. Staining of cell mem-
ranes also reveals the stalk openings that appear as small
ateral “holes” (Figs. 4A and 4B). The much smaller cells of
he imaginal epithelium proper can be seen through the
talk openings. Then, the notum, or proximalmost part, is
hrown into a series of concertina-like folds oriented longi-
udinally to the anteroposterior axis. By this stage, disc
orphology appears more three dimensional. The central
art of the wing pouch has everted and the future ventral
art of the dorsal mesothorax, initially located at the tip of
he disc, has moved proximally. The future adult notum is
he first to appear through the wide-open stalk (Figs. 3A, 3B,
nd 4A). The hinge and wing blade follow (Fig. 4B). The
maginal epithelium is tightly folded, which enables it to
vert through the relatively narrow opening of the stalk.
owever, for some considerable time after eversion, the
iscs remain folded; see below. As concerns eversion of the
eg discs, we confirm earlier observations made in vitro
Condic et al., 1991; Fristrom and Fristrom, 1993) and
urthermore show the spatial relationship between the leg
iscs (Figs. 4A and 4B). The meso- and pteropleura, the
roximalmost part of the ventral midleg discs, appear
imultaneously with the notum (Figs. 3, 4, and 5).
Movement and Spreading of the Dorsal Thoracic
Discs (between 3.5 and 6 h APF)
Fusion between neighboring discs on the same side of the
body takes place much earlier than that between the left
and right haltere, wing, and humeral discs (Fig. 3C). Since
the pro- and metathoracic discs behave differently from
those of the mesothorax, we will deal with them separately.
S cells, which can be seen along the leading edges of the
discs, will be discussed below. After eversion, the wing
discs move slowly dorsally while still folded (Figs. 5A, 5B,
5C, and 5D). They straighten out later during fusion (Figs.
5F and 6B). It is not known how the epithelia is maintained
in a folded state but one possible explanation is that larval
and imaginal cells of like compartments have strong cell
affinities. Common cell affinities may allow the disc cells
to respect the larval compartmental borders while they are
spreading. Since the surface area of the disc epithelium is
much greater than that of larval mesothoracic segment this
may cause the folding. Indeed in the embryo, the disc
primordia originate on the boundary between anterior (A)
and posterior (P) compartments of the future larval epithe-
lium and they themselves are composed of A and P cells
Copyright © 2000 by Academic Press. All rightsee review, Cohen, 1993). To examine whether the com-
artmental boundary is maintained while the imaginal
pithelium is replacing the larval one, we used en-lacZ
Hama et al., 1990) as a marker for the A/P boundary.
bservations with the en-lacZ strain, which labels the P
ompartments of all segments, show that during the prepu-
al stage, the larval and imaginal epithelia remain en-lacZ
ositive (Fig. 7). Just after stalk opening, the P compartment
f the half-everted wing disc is closely opposed to the P
ompartment of the larval mesothorax (Figs. 7A). Subse-
uently, after eversion, but before fusion, en-positive cells
of the wing discs are curled up anteriorly and their edges are
still connected to P larval cells (Figs. 7B and 7C). It is likely
that cells of the A compartment are curled posteriorly and
connected to larval A cells. At fusion, when the intervening
larval cells have almost disappeared, P cells move posteri-
orly (Figs. 7D and 7E).
Local Discontinuity of Segment Order
The dorsal discs finally fuse along the midline. However,
surprisingly, they do not all fuse simultaneously. While the
mesothoracic discs are migrating and fusing, the pro- and
metathoracic discs remain in their lateral positions (Fig.
9A). Thus, the epithelium of the larval metathorax and
prothorax persists for longer than that of the mesothorax
(Fig. 7). After it has fused along the midline, the imaginal
mesothoracic epithelium spreads out anteriorly and poste-
riorly, and, surprisingly, the larval metathoracic cells are
lost before the imaginal metathoracic cells from the two
haltere discs have moved medially and joined at the mid-
line. Thus, the mesothoracic epithelium is transiently
joined to the first abdominal segment (Figs. 7D and 7E). It is
also joined to the head since the imaginal prothoracic discs
have not migrated medially either. It is difficult to detect
en-lacZ staining at this stage so it is unclear how the
segmental borders are maintained. Thus the local continu-
ity of segmental order is transiently violated and the dorsal
mesothorax is directly connected to the imaginal head
anteriorly and to the larval abdomen posteriorly, skipping
the pro- and metathoracic segments (Fig. 9A). During the
period after fusion of the mesothorax and before fusion of
the pro- and metathorax, the animal secretes the pupal
cuticle (around 6 h), and so further cell movements could
not resume before apolysis of the pupal cuticle after 18 h.
To examine the final events of fusion of the dorsal thorax
we followed development of the pro- and metathoracic
discs using en-lacZ straining. The haltere discs start to
move medially at 24 h APF (Fig. 9C). As development
proceeds, they progressively intercalate between the meso-
thorax and the first abdominal segment. At 32 h APF, the
two edges of the haltere discs are seen to be almost
touching, and at 36 h APF, they meet along the dorsal
midline and fuse. The prothoracic discs show a similar
behavior (Fig. 9B). Thus, complete fusion along the dorsal
midline occurs at 36 h APF, much later than the fusion of
dorsal mesothorax at 6 h APF.
s of reproduction in any form reserved.
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Copyright © 2000 by Academic Press. All rightInterestingly, movement of pro- and metathoracic discs
seems to occur at the same time as spreading of the
abdominal histoblasts (Fig. 9C; 28, 32, and 36 h APF).
The Leading Edge Is Composed of Two Groups of
puc-lacZ-Positive Cells, S Cells and I Cells
We used the puc-lacZ enhancer trap line to follow the
leading edges of the discs. Unexpectedly, we were able to
distinguish two types of puc-lacZ-positive cells based on
their staining properties, size, and behavior (Fig. 5). One
group of cells bears nuclei that are smaller than those of S
cells, but not as small as those of cells of the disc epithe-
lium proper. They are located in the most proximal part of
the discs and are probably the edge cells of the imaginal
epithelium proper. We call these I cells. The other group of
puc-lacZ-positive cells has larger nuclei and is located more
peripherally. We call these S cells, because they are most
likely to belong to the stalk. We do not know if the cells
described by Zeitlinger and Bohman (1999) and Agne`s et al.
(1999) are S and/or I cells. S cells have specific properties.
They are round in shape, whereas I cells are columnar, and
they stain less strongly with anti-FasIII or anti-Spec anti-
bodies. Their positions vary from one individual to another,
and the connection between them appears to be very weak.
It is possible that they move around freely: some of them
have filopodia and they seem to lie on and perhaps move
over the larval epithelium.
S Cells Move over the Surface of the Larval
Epithelium, but I Cells Remain Adjacent to
Neighboring Cells
In the case of the abdominal histoblasts (Madhaven and
Madhaven, 1980) and during fusion of the leg discs (Poodry
and Schneiderman, 1970), larval epithelial cells are replaced
one by one by the imaginal epithelial cells and the two do
not overlap. However, S cells appear to overlie the larval
cells and temporarily two cell layers are present (Figs. 5A,
5B, 5C, and 8). To examine this process further we exam-
ined semithin plastic sections of the thorax of puc-lacZ
upae (Fig. 8). At about 4 h APF, larval epithelial cells are
ery thin and flat in the dorsal area but are thick and round
n areas adjacent to the I cells. In contrast, the imaginal
ells are all thin and tall. The most peripheral cells are the
sIII antibody. (A) Ventral view of a flat preparation of the prepupa
he proximal part of the notum can be seen. Uneverted legs, wing,
s are still seen in the ventral and dorsal part of the body. (B) Ventral
(A)) marked with anti-FasIII antibody. Part of the wing blade has
I staining (A, B, C, D, and F) except for (E) (puc-lacZ only) and (G)
puc-lacZ-positive cells are found along the leading edge. As double
arrows) and I cells are much smaller than S cells, only S cells can
nti--gal in (E), I cells can be seen as well as S cells (black arrows).IG. 6. Fusion of discs and dorsal closure of the embryo. puc-lacZ
nuclear in dark blue) and anti-Spec antibody (membrane in brown)
taining. (A) Notum (around 5.5 h APF). (B) Notum (around 5.5 h
PF but older than (A)). (C) Embryo at stage 14 (dorsal closure
0%). (D) Embryo at stage 15 (end of dorsal closure). Leading edges
n both embryo and notum consist of the puc-lacZ-positive cells.
ote that the two differ in the shape of the cells of the leading edge
white arrows) and the surrounding cells.FIG. 4. Everting dorsal and ventral thoracic discs stained with anti-Fa
(the same stage as seen in Fig. 3C) marked with anti-FasIII antibody. T
and haltere can be seen through the epithelium. Thin and long larval cell
view of a flat preparation of the prepupa (slightly older than that seen in
started to evert and the middle parts of the legs are already everted.
FIG. 5. Movement and spreading of the discs. puc-lacZ and anti-FasII
(neuA101-lacZ stained for X-gal activity). (A, B, C, D, and F) Two groups of
abeling makes the puc-lacZ in I cells less obvious than in S cells (white
be seen easily here. However, in the singly labeled puc-lacZ pupa with a
aterally (labeled in blue).
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20 Usui and Simpsonpuc-lacZ-positive I cells. At the interface between the larval
epithelium and the I cells, larval cells are probably later
engulfed by phagocytes. From these observations, we think
it likely that I cells function to replace the larval epithelium
on a cell-by-cell basis and thus play a role in fusion of the
imaginal epithelia. The force for disc migration could be a
consequence of I cells replacing the larval epidermis.
The other puc-lacZ-positive cells, S cells, with larger
nuclei, are situated between I cells and larval cells (Figs. 8A
and 8B). They can be seen to overlie the larval epithelial
cells, as has also been observed by E. Martı´n-Blanco (per-
sonal communication). Preparations of sectioned material
confirmed observations of whole-mount preparations. S
cells are first located along the disc margins while the wing
discs are moving dorsally (Fig. 5A), but later on, some of
them have moved anteriorly to form a pool of S cells (Figs.
5B and 5C). Then, as the imaginal thoracic cells spread out
toward the midline, some of the S cells move with them.
Ultimately, S cells from the left and right discs meet along
the midline at its anteriormost point and constitute a bridge
across the larval epithelium (Fig. 5C). Subsequently the
posterior part joins (Fig. 5E) and finally, S cells in the middle
part of the discs meet (Fig. 5F). Thus, S cells form a
temporary connection between the discs over the larval
epithelium.
Fusion of the Wing Discs
When movement of the discs toward the midline is first
completed, the discs are not directly fused to one another
but merely joined by S cells. Subsequently, real fusion,
mediated by I cells, takes place. This starts in the anterior
part through loss of S cells, which sink into the body cavity
(Fig. 6). Then the posterior parts fuse and ultimately the
middle. However, long after fusion is completed and S cells
have disappeared, I cells can still be distinguished (data not
shown).
Genes Which When Mutated Result in a Midline
Cleft Are Expressed in both S and I Cells
In order to ascertain the functional importance of puc-
positive cells, we examined the expression patterns of
pannier (pnr), u-shaped (ush), and decapentaplegic (dpp),
enes which when mutated cause a failure of fusion along
he thoracic midline (Heitzler et al., 1996; Ramain et al.,
993; Spencer et al., 1982; Cubadda et al., 1997; Haenlin et
al., 1997; Figs. 10A, 10B, and 10C). We find that during
disc movement and spreading they are all expressed in both
S and I cells (Figs. 10A, 10B, and 10C). We do not yet
know whether the mutant phenotypes result from prob-
lems of movement or fusion of the imaginal epithelia, or
from either S or I cells, or both. We think it likely that both
S and I cells play a crucial role. In fact, in the case of pnr
mutants, even at stages long after notal fusion is complete,
some S cells persist along the midline where the imaginal
epithelia have failed to fuse (Fig. 10D).
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The morphogenetic movements of thoracic discs occur-
ring during metamorphosis were described by Condic et al.
(1991), Fristrom and Fristrom (1993), and Poodry and
Schneiderman (1970) and our data confirm and extend their
pioneering studies. We have been able to add a three-
dimensional view to this process and to provide details of
the morphology and possible function of two groups of
specialized cells along the leading edges: the S and I cells.
Positions of the Discs and Their Stalk Openings
Whereas the eye discs and the first two pairs of leg discs
are closely associated with larval brain and situated more
ventrally, the third pair of leg discs and the wing and haltere
discs are located close together on the lateral sides of
third-instar larvae (reviewed by Cohen, 1993). Despite this,
the openings of the stalks of all three leg discs, on either
side of the larva, are aligned in the anteroposterior axis
along a border between two morphologically distinct areas
of the larval epithelium (Fig. 2). These are composed of
elongated cells on one side and round cells on the other.
Furthermore the wing and mesothoracic leg discs, on the
same side of the body, join much earlier than the wing discs
from either side of the animal. The resulting intermediate
arrangement is reminiscent of the original alignment of the
imaginal primordia when they first form in the embryo
(Cohen et al., 1993). Initially only three primordia form at
the same lateral level on either side of the embryo in each
of the thoracic segments. Subsequently each primordia
splits into two and one half of each migrates dorsally to
form the three dorsal discs, leaving the three ventral discs at
the initial site (Cohen et al., 1993). Thus clones initiated
early in embryogenesis extend between the dorsal and the
ventral discs of each segment (Wieschaus and Gehring,
1976). It has also been hypothesized that during evolution
of insects, wings arose as outgrowths of a proximal part of
the legs (Kukalova-Peck, 1983). The behavior of the discs
during metamorphosis may thus reflect their ontogenetic
and evolutionary origin.
Unfolding and Spreading of the Wing-Thoracic
Disc
Movement and spreading out of the wing disc epithelium
takes place in two distinct phases. First the epithelium
extends medially (toward the midline) and then it widens
out in both anterior and posterior directions. The mesotho-
rax is much larger than either the pro- or the metathorax,
since it houses the flight muscles. Thus the epithelium
must remain very compacted while it is everting through
the stalk opening. However, it continues to stay folded
during the process of spreading toward the midline (Fig. 5).
This seems to be due to the fact that the imaginal cells stay
closely associated with larval cells of the same A or P
compartment and appear to respect the larval compartment
s of reproduction in any form reserved.
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the midline, the mesothoracic epithelium unfolds and ex-
tends posteriorly into the metathoracic segment, replacing
the larval cells. This may indicate that the segmental
border no longer functions as a barrier at that time.
The Function of I and S Cells
The puc-lacZ line has been used previously to study
dorsal fusion (Zeitlinger and Bohman, 1999; Agne`s et al.,
1999). However, we have been able to distinguish two types
of puc-positive cells, I cells and S cells. I cells, located in the
most proximal part of the disc, are compact and have nuclei
almost as small as those of imaginal cells proper. They are
likely to be a part of the imaginal epithelium. They survive
for much longer than S cells after fusion of the discs is
complete (at least up to 48 h APF; data not shown). We do
not know if they eventually disappear or whether they
merely lose puc activity. I cells may correspond to cells of
the leading edge (LE) of the embryo and may play a role
similar to LE cells (see review by Martinez-Arias, 1993).
They appear to participate in fusion of the edges of the
imaginal epithelium itself, by removing the larval cells one
by one in a similar fashion to the abdominal histoblast cells
(Madhaven and Madhaven, 1980).
S cells are located more peripherally and have larger
nuclei. We do not know whether they are polytenous, like
larval cells. Cells of this type have not been described
during dorsal closure in the embryo (Figs. 6C and 6D). What
is the function of S cells? S cells are less compact than I
cells and appear to move freely over larval cells to establish
a bridge across the larval epithelium. They are lost during
the fusion between I cells. In the case of mutants that
display a dorsal cleft, S cells can still be found at much later
stages (Fig. 10D). They form a layer one cell thick and
connect the right and left heminota, even after histolysis of
the larval epithelium. Finally, puc is a member of the JNK
signaling cascade, which has been linked to wound healing
in vertebrates (see reviews, Goberdhan and Wilson, 1998;
Agne`s and Noselli, 1999). These observations support the
idea that S cells make a loose and temporary connection
between I cells of the mesothoracic discs and perhaps other
discs as well.
When the leg discs fuse, the edges of the imaginal
epithelia contact one another as degenerating larval cells
are phagocytosed. It has been proposed that the new epithe-
lium gradually replaces the old one without any overlap of
the two layers (Poodry and Schneiderman, 1970). In the
abdomen, marginal extensions of histoblast cells are in-
serted between the larval cells and the overlying pupal
cuticle and as larval cells are detached, they are phagocy-
tosed by hemocytes (Roseland and Reinhardt, 1982). No S
cells have been described in the abdomen yet, but they
would be difficult to detect without the help of the puc-
lacZ marker, and so this would repay examination. In fact,
we have observed some puc-lacZ-positive cells in the abdo-
men during metamorphosis (data not shown).
Copyright © 2000 by Academic Press. All rightTemporary Local Discontinuity of Segment Order
The dorsal mesothorax and the leg discs are joined by 6 h
APF, but the dorsal pro- and metathoracic discs remain in
their lateral positions. Only later do they intercalate be-
tween the head and the mesothorax and between the
abdomen and the mesothorax. Fusion of the entire thorax is
thus only complete at 36 h APF. A similar arrangement can
also be seen in the head segments in the stage 12 embryos
(see review, Jurgens and Hartenstein, 1993). The maxillary
segment is directly attached with acron and prothoracic
segment, and mandibular and labial segments are interca-
lated between them later. In addition, there is a disconti-
nuity of compartmental repeats (Figs. 9B and 9C). The
anterior compartment of the metathorax is directly at-
tached to the anterior compartment of the first larval
abdominal segment at its lateral extremity (Fig. 9C), and the
anterior compartment of the mesothorax is directly at-
tached to that of the head (Fig. 9B). These segmental and
compartmental discontinuities might be necessary to drive
the intercalary movement of the dorsal pro- and metatho-
racic discs.
Coordination of Movement of the Imaginal Discs
and Spreading of the Histoblast Nests
The dynamic behavior of the imaginal discs at metamor-
phosis is triggered and controlled by ecdysteroids. Muta-
tions causing a failure of hormone secretion lead to devel-
opmental arrest at larval and/or early pupal stages.
Although imaginal discs and histoblast nests are exposed to
the same hormonal milieu, they behave differently. One
possible explanation for the difference may be the patterns
of expression of different ecdysone receptor isoforms. At
puparium formation, EcR-A is expressed predominantly in
imaginal discs and EcR-B is expressed predominantly in
histoblast nests (Talbot et al., 1993). Interestingly the pro-
and metathoracic discs intercalate between the head and
the mesothorax and between the abdomen and the meso-
thorax, just at the time when the abdominal histoblasts are
proliferating and replacing the larval cells (Fig. 9C). The
delay in their behavior could also be related to changes in
receptor isoform expression or may correspond to a specific
level of hormone expression (Richard 1981; Riddiford, 1993;
Talbot et al., 1993).
How Do Cells from Either Side of the Mesothorax
Line up Precisely before Fusion?
Joining up of the three pairs of legs and of the dorsal and
ventral discs occurs over relatively short distances. In
contrast, fusion along the dorsal midline involves a spread-
ing of the thoracic epithelia from the lateral sides, over a
significant distance of about a quarter of the body circum-
ference. So how do the cells from either side become
precisely aligned?
One mechanism would be that the cells of like positional
values recognize one another and line up. For example,
s of reproduction in any form reserved.
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22 Usui and SimpsonMilner et al. (1984b) have shown that precise fusion can
occur between two separated eye–antenna discs after they
have been placed side by side in culture. Occasionally,
en-lacZ labeling reveals a temporary imprecise fusion be-
tween the mesothoracic discs. Thus minor adjustments
FIG. 7. Engrailed expression and movement and fusion of the disc
the notal part of the wing disc is everted and the wing blade can be
positive. Larval and imaginal posterior cells are continuous. The no
(B) A preparation just before disc fusion. A small part of the larva
compartment of notum is seen to be continuous with the larval e
heminota are still folded. Very little larval epithelium left along the
labeled with en-lacZ. No larval epithelial cells are left between th
left half of the notum has spread into the metathoracic (T3) segme
FIG. 8. S cells and I cells along the leading edge. Semithin plas
anti--gal (brown) and toluidine blue (blue). (A) Anterior part of th
op of the larval epithelium in (A). Note that, since I and S cells are
ut through each cell at the same level and therefore size of the n
he transition between S and I cells is not abrupt, but a gradual cha
nd adjacent to dying larval epithelial cells. Note that the larval
oundish close to the I cells. No S cells are apparent in the particumay take place during fusion of the right and left heminota.
Copyright © 2000 by Academic Press. All rightn mutants displaying a cleft thorax, the discs are located far
rom each other but S cells nevertheless fill the gap between
hem. Thus, it is likely that S cells first act to adjust the
positions of the discs. In addition there could be specific
reference points along the epithelium since fusion occurs
terior compartments are labeled with en-lacZ (in brown). (A) Only
through the larval epithelium. Larval epithelial cells are en-lacZ
is tightly contracted so that it can evert through the opened stalk.
thelium is seen to the left near the dorsal midline. The posterior
lium. (C) Preparation at the time of fusion of the heminota. The
line. (D) After fusion of the heminota, the fused posterior ends are
inota. (E) The notum has begun to migrate posteriorly. Only the
oss sections of a puc-lacZ pupa (around 4.5 h APF) labeled with
rax; (B) posterior part of the thorax. S cells are seen to be lying on
organized in a columnar epithelium, sections such as these do not
is more difficult to estimate than in whole mounts. Furthermore
n size occurs (see Figs. 5D and 5E). I cells are found next to S cells
elial cells become very flat near the dorsal midline but they are
ection shown in (B).s. Pos
seen
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epithfirst at the anteriormost point, then posteriorly, and only
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24 Usui and Simpsonlast in the middle. This could be attributable to special
properties of I cells that may be responsible for the fine
uning of the adjustment.
As in the embryo, continuity of the epithelium is main-
ained at all times during metamorphosis of the thorax.
his is in contrast to the eye–antennal discs where breakage
f the epithelium has been described (Milner 1984b; Haynie
nd Bryant, 1986). Thus, behavior of the thoracic imaginal
iscs during metamorphosis is really simply a question of
ow the imaginal epithelium replaces the larval epithelium
nd how the discs fuse to each other in a precise manner.
hus, a second possible mechanism is that when they
nally fuse the epithelia are already aligned because of the
anner in which they spread across the larval epithelium.
ndeed A and P imaginal cells remain aligned with A and P
arval cells, thus maintaining compartmental continuity.
his might be sufficient for precise fusion.
Differences between Dorsal Closure of the Embryo
and Fusion of Imaginal Discs
It has been emphasized that dorsal closure of the embryo
is similar to closure of the imaginal thorax (Zeitlinger and
Bohman, 1999; Agne`s et al., 1999). Both systems are known
to rely on the JNK signaling pathway (reviewed by Knust,
1997). Indeed, fusion of the thorax in anterior and posterior
parts, and only later in the middle, is reminiscent of
embryonic closure. Nevertheless, it is worth noting a few
significant differences. First of all cells of the leading edges
are quite different in shape. In the embryo they are very
long and thin and in fact embryonic dorsal closure is the
result of the cells stretching to become extremely long. S
cells of the imago are round in shape and actually migrate
considerable distances. Furthermore, S cells have not been
described in the embryo. Second, the imaginal segments
behave independently. Third, lateral fusion between discs
does not rely on Dpp signaling. Dorsal closure of the
embryo is Dpp-dependent and the left and right edges of the
epithelium express dpp that in turn triggers JNK signaling
(Zeitlinger et al., 1997). Similarly the dorsal edges of the
FIG. 9. Temporary local discontinuity of the segmental order.
anti--gal antibody. Imaginal disc boundaries are marked with black
bdomen, leaving pro- and metathoracic discs laterally. (B and C
etween the head (HE) and the mesothorax (T2) and between the m
nti--gal/AP staining (in blue) in en-lacZ pupae in which only
compartment is visualized by the absence of lacZ staining. Finally, a
that movement of the leading edge of the meta- (and most likely pr
nests (the leading edge of the abdominal histoblasts are shown by
FIG. 10. Genes whose mutations result in a midline cleft are expr
nr (pnrMD237 with UAS-nuc-lacZ), and ush (ushMD751 with UAS-nu
nti--gal antibody labeling was followed by secondary antibody c
reared at 18°C), pnr (pnrMD237/pnrMD237), and ush (ushRev4/ushRev18; Cu
upa of a pnr mutant (pucE69puclacZ, pnrMD237/pnrMD237). Whit(Martı´n-Blanco, 1998).
Copyright © 2000 by Academic Press. All rightimaginal thorax express dpp. However, the imaginal discs
have four borders that are involved in fusion, the dorsal,
ventral, anterior, and posterior edges, and dpp is not ex-
pressed along the latter three. This suggests the existence of
a dpp-independent mechanism. Further experiments are
required to elucidate these problems.
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